used for comparison with other procedures to determine the LR.
estimated by extrapolating the linear regression of the first three data points after Ca(OH) 2 addition to a target pH of 6.5. The LR by this method estimated only 80% of the LR determined by the 3-d incubation procedure I n routine soil testing laboratories in the USA, the of Dunn (1943) . However, the linear fit between the LR of acid soils is typically determined by using a two methods was good with an r 2 of 0.96 and the titration buffer method, such as the Adams-Evans (A-E) buffer method estimated LR of soils with relatively high and procedure (Adams and Evans, 1962) in the Southeast low LRs equally well. In contrast, when compared with USA and the Shoemaker-McLean-Pratt (SMP) buffer the 3-d incubation, the A-E procedure overestimated that is widely used in the Midwest USA (Shoemaker et the LR for soils with relatively low LRs and underestial., 1961) . Both of these buffers contain p-nitrophenol, mated the LR for those soils with relatively high LRs. a potentially toxic compound, therefore alternative proIn summary, Liu et al. (2004) indicated that titration cedures should be considered.
with Ca(OH) 2 had merit for routine use provided that An alternative to the use of buffers is to determine it could be simplified further. the LR by direct titration. Direct titration was studied
The initial soil pH in water being below the y intercept by Dunn (1943) by equilibrating acid soils with multiple is problematic. To minimize the number of pH measurerates of 0.022 M Ca(OH) 2 for time periods of up to ments, it would be preferable to use the initial soil pH. 4 d, but their titration-incubation procedures have been However, using the initial soil pH results in a higher generally considered to be too time-consuming for use slope, which lowers the calculated LR. In preliminary in routine soil testing. Nevertheless, their 3-d incubation titrations done in 0.01 M CaCl 2 , we noted that the initial with Ca(OH) 2 is a widely accepted reference method pH in a titration agreed more closely with the y intercept (Follett and Follett, 1980; Alabi et al., 1986 added (a measure of the soil's pH buffering capacity).
(0.022 M ), prepared as described by Liu et al. (2004), was Since the ionic strength of the soil solution has a substanused as the standard base to titrate the selected acid soils.
tial effect on the pH measurement (Schofield and Taylor, 1955; Ryti, 1965) , it might be appropriate to make the pH measurements in 0.01 M CaCl 2 to eliminate any Complete Titration Curves effect of variable ionic strength in the titration results.
The soil pH measurements and titrations were performed
The objectives of this study were to further test the in a 1:1 suspension while being stirred. A propeller shaped feasibility and accuracy of doing titrations of acid soils stirrer was adjusted to fit into 120-mL polypropylene beakers in 0.01 M CaCl 2 and to evaluate the accuracy of a simple so that all soil particles were suspended throughout the titratitration procedure based on an initial pH reading and tion. A Visco Alpha Multi-task version 2.0 digital titrator (Visco a second reading following the addition of one dose Alpha, Middletown, NY) was used to titrate each soil. Through of Ca(OH) 2 .
programming the titration software, the number of aliquots, the interval time between two aliquots, and the stirring speed
MATERIALS AND METHODS
during titration can be adjusted. A Titronic Universal Piston Burette (SCHOTT Glas Business Segment Labware, HattenSeventeen soil samples with a wide range of clay and soil bergstraße, Mainz, Germany) was used to add the Ca(OH) 2 organic C contents were collected from five of the major land solution with an accuracy of Ϯ0.01 mL. A SCHOTT glass resource areas of Georgia. Approximately 5 kg of soil was collected from the A p horizon of agricultural soils and the A pH electrode (SCHOTT Glas Business Segment Labware, horizon of forested soils at each location. The soils were ovenHattenbergstraße, Mainz, Germany) with a calomel reference dried at a temperature of 35ЊC, crushed, and then sieved was used to determine pH. The pH meter was calibrated (2 mm) to remove gravel and nondecayed crop residue, which with standard pH 4.00 and 7.00 buffers before each titration. consisted of Ͻ1% of the soil by weight. Soils were then stored Specifically, the titrations were done by adding 30 mL of in sealed Ziploc bags (S.C. Johnson & Son, Racine, WI) until deionized water or 30 mL of 0.01 M CaCl 2 to 30 g of soil (1:1 analyzed. The soils were analyzed for total C and N by dry ratio) followed by either 1 mL of 0.022 M Ca(OH) 2 per addimicro-Dumas combustion with a Leco 2000 Analyzer (Leco, tion for less buffered soil samples (CP1 to CP6, RV1 to RV4, St. Joseph, MI). Particle-size distribution was determined by SP2, and SP3) or 3 mL of 0.022 M Ca(OH) 2 per addition to the pipette method described by Kilmer and Alexander (1949) . the remaining soils. Thirty minutes were chosen as the time Exchangeable Al was determined by the titration method of interval between additions based on the results from Liu et Yuan (1959) and cation exchange capacity (CEC) was deteral. (2004) . The soil suspension was continuously stirred during mined by a modified soil survey laboratory method (Soil Surthe titration and the pH was measured while being stirred at vey Staff, 1996) . In the CEC procedure, 5 g of soil is leached the end of each time interval. Increments of Ca(OH) 2 were with 50 mL of sodium acetate (OAc), pH 7.0 on a Centurion added until pH reached 6.5 to 7.0. For electrode safety, the pH Model 24-01 and Model 12-01 Automatic Extractor (Lincoln, electrode was stored in the 7.00 buffer between measurements. NE). Excess NaOAc was removed by leaching with 100 mL
The electrode was rinsed with deionized water after each of ethanol. The Na was replaced by 50 mL of NH 4 Oac, pH 7.0. measurement, before placing into the buffer. The rinsate was The properties of the soils are given in Table 1 . Briefly, the soils ranged in their clay contents from a low of 21 to a high discarded. 
Calculation of Titration Slopes
because in the study by Liu et al. (2004) , pH dropped from Linear regression of the complete titration curves was perDay 1 to 2, but changed little from Day 2 to 3 and increased formed using SigmaPlot software (SPSS Inc., 2002) . For titraslightly on Day 4. Approximately half of the soil treatments tions performed in deionized water, the soil pH without were duplicated to determine precision. The relationship of Ca(OH) 2 addition was omitted because its pH value was fresoil pH versus Ca(OH) 2 added (expressed as the equivalent quently below the y intercept, but all remaining data to pH CaCO 3 ) was fitted for each soil by nonlinear regression using 6.5 were included. The titration data were plotted and re- value was used in the analysis. For calculation of titration slopes from the initial two data points, the following equation was used:
RESULTS AND DISCUSSION
The titration curves of five soils, randomly selected CaCO 3 /mmol CaCO 3 )/weight of soil [6] from each of the five major land resources areas, and performed in both water and 0.01 M CaCl 2 are shown where pH 1 is the pH before addition of Ca(OH) 2 , pH 2 is the in Fig. 1 ter. For the titrations performed in water, the initial pH before Ca(OH) 2 addition was lower than the "y" Mg CaCO 3 ha Ϫ1 ϭ mg CaCO 3 (kg soil) Ϫ1 ϫ 10 Ϫ9 Mg intercept in about 60% of the soils. Therefore, for titraCaCO 3 /mg CaCO 3 ϫ (2.24 ϫ 10 6 kg soil ha Ϫ1 ) [7] tions done in water, the use of two data points (0 and 3 mL) would result in erroneously high slope values (⌬pH/⌬CaCO 3 In comparison, the initial pH in 0.01 M CaCl 2 was more deionized water (0.01 M CaCl 2 was not used) and 30 g of nearly equal to the "y" intercept ( Fig. 1) . This difference each soil in a 120-mL polypropylene beaker. After thoroughly is most apparent for soil samples CP4 and SP1 in Fig. 1 . CaCl 2 were regressed by using all data points to pH 6.5. The 95% confidence interval for the slope bracketed one; therefore it was not statistically different from 1. alytical Software, 1985) was also performed to determine differences in the two sets of slopes. The resulting Further, the 95% confidence interval for the intercept bracketed zero, therefore it was not statistically different P value was 0.2126, which meant that they were statistically equal. However, as can be noted from the regresfrom zero. The paired-T test using STATISTIX 7.0 (An- sions in Fig. 1 , the slopes in 0.01 M CaCl 2 were slightly titration and the slopes determined from the 0.01 M CaCl 2 titration were not significantly different when all greater than those in water for four of the five soils shown. data points were used except 0 for those in water. We also found from Fig. 4 that the slopes calculated from To establish the accuracy of determining the slope from a two-point titration curve, we first compared the the two point (0 and 3 mL) titration in 0.01 M CaCl 2 were only slightly higher than those regressed using all slopes determined from two-points (0 and 3 mL) in water with those obtained by regressing all data points data points to pH 6.5. Since we showed earlier that slopes from two data points in water were frequently (except 0) to pH 6.5 (Fig. 3) . The fitted linear equation was:
in error, the two-point titrations should be done in 0.01 M CaCl 2 to assure better accuracy. It is less clear, how-Y ϭ 1.46X Ϫ 0.082, r 2 ϭ 0.86****. ever, what initial pH should be used for the LR calculations. Either water pH or pH in 0.01 M CaCl 2 could be The equation indicated that the straight line deterused. To determine the best choice, we calculated the mined from two data points [0 and 3 mL Ca(OH) 2 ] LR using both, but using the two-point slope determined gave slopes on average of 1.46 times those from using in 0.01 M CaCl 2 . We compared these LRs (Y) with the multiple data points for the regression. This difference LRs (X) considered to be the standard, that is, the in slope values is directly due to the depression of the LRs from the 3-d incubation with Ca(OH) 2 . The first pH in water of the first data point [without addition of comparison using water pH is shown in Fig. 5 . The fitted Ca(OH) 2 ] for several of the soils. A similar comparison linear relationship was: was made for those titrations done in 0.01 M CaCl 2 . When slopes determined from regression of all data Y ϭ 0.637X ϩ 0.343, r 2 ϭ 0.91****. points to pH 6.5 were compared with those determined from only two points (0 and 3 mL), the agreement was
The slope of 0.64 indicated that the LR predicted better, as shown in Fig. 4 . The comparison of slope using the initial water pH was about 64% of those from values of the 17 soils gave the following result:
the standard 3-d incubation. As can be noted from Fig. 5 , the greatest divergence from the 1:1 line was for four Y ϭ 1.04X ϩ 0.077, r 2 ϭ 0.88****. samples with medium to high LRs. These samples included three from the Atlantic Coast Flatwoods, of In this case, the slopes using two points from the titration in 0.01 M CaCl 2 (Y) were only slightly larger which two had water pHs at least 0.7 pH units higher than those measured in 0.01 M CaCl 2 . All three of the on average than those from regression of all data points to pH 6.5 (X). This improved agreement was due priAtlantic Coast Flatwoods soils are identified in Fig. 5 . When those soils were excluded from the regression marily to the fact that the pH at 0 addition in 0.01 M CaCl 2 was closer to the y intercept from the regresanalysis, the agreement between the two methods improved, although the slope was 0.906, indicating an unsion analysis.
As noted above, the slopes determined from the water derprediction of the LR. This result led to a further effort to predict the LR using both the initial pH and of LRs predicted from the two point slope and initial pH in 0.01 M CaCl 2 vs. the LRs from the 3-d Ca(OH) 2 slope determined in 0.01 M CaCl 2 , since this would mask differences in ionic strength that might occur between incubation gave the relation: the two pH readings taken on the same soil.
Y ϭ 0.83X ϩ 0.307, r 2 ϭ 0.94**** The LRs predicted from the two point slope and initial pH in 0.01 M CaCl 2 vs. the LRs from 3-d Ca(OH) 2 where Y ϭ LR from two data points, as described, and X was the LR from the 3-d Ca(OH) 2 incubation, exincubation were then compared. The linear regression pressed as Mg CaCO 3 ha
Ϫ1
. The results of the regression made in 0.01 M CaCl 2. This will ensure a higher and more uniform ionic strength for both pH measurements. seemed to be heavily influenced by three soils from the Atlantic Coast Flatwoods (all forested and relatively As a further test of the method, we compared the LR predicted from the two pH measurements in 0.01 M high in organic C) and when they were not included in the regression, the fitted linear relationship was:
CaCl 2 with the LR by the A-E buffer procedure, the method currently used by the University of Georgia Y ϭ 1.005X ϩ 0.113, r 2 ϭ 0.93**** Soil Testing Laboratory. When the LRs by A-E were The intercept of both regressions were not different regressed on LRs by two point titration for the 17 soils, from 0, so the regressions were also done with intercept the relationship found was LR A-E (Mg CaCO 3 ) ϭ equal to zero, with the results shown in Fig. 6 . In this 0.860 ϩ 0.699 LR two point titration (Mg CaCO 3 ). This case the fitted linear equation was: result, shown in Fig. 7 , is similar to that of Liu et al. (2004) , who compared LR (A-E) with LR by the 3 d Y ϭ 0.88X, r 2 ϭ 0.93**** Ca(OH) 2 incubation. Generally, the agreement was This result indicates that on average across all 17 soils, good between the two methods with slightly higher LR the method tested predicts an average of 88% of the by A-E on some soils with LR Ͻ 4 Mg CaCO 3 ha Ϫ1 . LR determined by the 3-d standard incubation. FurtherThe two soils with the highest LR gave higher LR by timore, when the three soils from Atlantic Coast Flattration. woods (all forested and relatively high in organic C)
The relatively good agreement of LR predicted from were not included in the regression, the fitted linear the two-point titration in 0.01 M CaCl 2 with the standard relationship was: 3-d Ca(OH) 2 incubation was somewhat surprising, given that the standard 3-d incubation was done in water and Y ϭ 1.04X, r 2 ϭ 0.93****. the two-point titration was done in 0.01 M CaCl 2 . This good agreement may be due to offsetting differences in The slope value of 1.04 was not significantly different from one at the 95% confidence interval. Based on these equilibration times. The incubation with Ca(OH) 2 in water took 3 d and the equilibration time with the tworesults, it appears likely that the LR can be predicted with two pH measurements per sample if saturated point titration was only 30 min. If left to equilibrate much longer than 30 min, the two-point titration in Ca(OH) 2 is added between the two measurements and adequate mixing and equilibration time (at least 30 min), 0.01 M CaCl 2 may result in a higher LR with continual neutralization of added base with soil acidity and a reas shown by Liu et al. (2004) , is provided before the second pH measurement. To ensure that the change in duction in pH. The 3-d Ca(OH) 2 incubation in water may be considered to be fully equilibrated and reacted pH following the addition of Ca(OH) 2 is due only to the added OH Ϫ ions and not due to other factors such as with soil acidity. The two-point titration with 0.01 M CaCl 2 for 30 min may not be fully equilibrated with soil a slight change in the ionic strength of the soil solution, it is recommended that the two pH measurements be acidity. But, since initial pH is lower in the presence of 0.01 M CaCl 2 , the LR is going to be on the high side submitted to a soil testing laboratory. The results are sufficiently promising, however, to take that next step. and the net result is a LR that agrees well with a fully equilibrated 3-d incubation in water.
Care should be taken to add an aliquot of Ca(OH) 2 of sufficient volume to give adequate sensitivity for deBefore the two-point titration can be implemented for routine use, it needs to be tested under laboratory termining the slope, without raising pH in 0.01 M CaCl 2 to above 6.5, because the slopes become nonlinear conditions with the range of samples that are typically around this pH. For the soils in our study, an aliquot dure is recommended under typical operating condisize of 1 mL saturated Ca(OH) 2 per 10 g of soil appeared tions. Adaptation of this procedure to robotic pH anato work well. lyzers would be desirable.
